though at low oxygen, placental hemoglobin binding affinity for O 2 is modified by pH (i.e., the Bohr effect), with exceptions, few extant mammals reproduce above elevations of È4500 m, corresponding to atmospheric oxygen levels in the Early Jurassic (15) .
Whereas a bolide impact at the CretaceousTertiary (K-T) boundary and the ensuing extinction of dinosaurs provided ecological opportunity for the radiation of placental mammals, the rise of oxygen in the Eocene corresponds to a large increase in average mammalian body size (27) . The density of capillaries per unit muscle scales to the 0.87 power of size in mammals (28) ; hence, larger animals require high ambient O 2 levels to obtain maximal metabolic rates. Comprehensive study of body mass of nearly 2000 fossil mammals in the North American record indicates a steady expansion in size range throughout the Cenozoic, tracked by mean body size due to the static lower limit of size (27) . Data show a rapid increase from small to medium-sized mammals in the first few million years after the K-T event (Fig. 2 ). This size contrast is blurred slightly with the recent discovery of larger Cretaceous mammals (29) , but this trend does not appear to be driven by oxygen. A second upward surge in mean body mass is recorded for the early through middle Eocene (50 to 40 Ma) (27) , followed by further but less dramatic size increases through the Miocene. This trend tracks a change in oxygen. The early to middle Eocene, an interval characterized by the highest global mean annual temperatures and the broadest latitudinal span of warm subtropical to temperate faunas and floras for the Cenozoic, was also a time of high morphological disparity in North American placental mammals. One might infer that this indicates a proliferation of ecological roles in the North American mammalian fauna. Notably, many of the living placental orders appear in the early Eocene, and artiodactyls, the dominant large terrestrial herbivores today, underwent a massive radiation in the mid-Eocene (27) . Data from other continents are more limited, but there is reason to argue that North America serves as a model for broader patterns, at least in the northern hemisphere. The substantially improving records in Europe and Asia, especially, will provide an interesting test of the pattern.
The data presented here provide evidence of a secular increase in atmospheric oxygen over the past 205 My that broadly corresponds with three main aspects of vertebrate evolution, namely endothermy, placentation, and size. Particularly notable are high stable O 2 levels during the time of placental mammal origins and diversification and a close correspondence between marked increases in both atmospheric oxygen levels and mammalian body size during the early to middle Eocene. Although increases in mammalian body size, morphological disparity, and inferred ecological heterogeneity during this interval may have been influenced as well by other environmental factors such as warm global temperatures and the spread of tropical and subtropical habitats, the correlation between evolutionary changes in mammalian body size and increased atmospheric O 2 has a physiological basis related to placental mammal reproduction. The changes in oxygen appear to have been driven by tectonics and increased burial efficiency of organic matter on continental margins. The oceans are becoming more acidic due to absorption of anthropogenic carbon dioxide from the atmosphere. The impact of ocean acidification on marine ecosystems is unclear, but it will likely depend on species adaptability and the rate of change of seawater pH relative to its natural variability. To constrain the natural variability in reef-water pH, we measured boron isotopic compositions in a È300-year-old massive Porites coral from the southwestern Pacific. Large variations in pH are found over È50-year cycles that covary with the Interdecadal Pacific Oscillation of ocean-atmosphere anomalies, suggesting that natural pH cycles can modulate the impact of ocean acidification on coral reef ecosystems.
Preindustrial to Modern
Since the beginning of the industrial revolution, the burning of fossil fuels has increased the CO 2 content of the atmosphere from È280 to more than 370 parts per million per volume (ppmv), a level unprecedented in the last 420,000 years (1). To date, a large part of anthropogenic CO 2 emissions has been absorbed by the oceans (2), which have become more acidic, thus reducing their capacity to continue to absorb CO 2 . Estimates of global oceanic pH trends to the year 2000 indicate that the oceans have already acidified by 0.1 pH units relative to preindustrial times (3, 4) . Geochemical models forecast an exponential decrease of nearly 0.8 pH units by 2300 (4), a scenario for which there is no obvious precedent over the last hundreds of millions of years (5), with the possible exception of abrupt changes such as those associated with the Paleocene/Eocene Thermal Maximum 55.5 million years ago (6) . Experimental evidence indicates that such reductions in surface-ocean pH and carbonate saturation state could have major effects on calcifying marine biota (7), especially calcareous plankton (8) and coral reef communities, where the degree of carbonate supersaturation has been shown to have a major effect on calcification rates (9-11).
The actual trend and range of natural variability in oceanic pH remains largely unknown, yet it is crucial to understand the possible consequences of acidification on marine ecosystems. A reliable proxy record is needed to assess long-term trends and variability in seawater pH. Instrumental records of the seawater CO 2 system, such as those collected at the Hawaii Ocean Time Series Station, which only commenced in 1989 (12) , are short. In this Report, we present a reconstruction of seawater pH spanning the last three centuries, based on the boron isotopic composition (d 11 B) (13) of a long-lived massive coral (Porites) from Flinders Reef in the western Coral Sea (Fig. 1) .
The potential of d 11 B in biogenic carbonates as a proxy for paleo-pH was first realized during the early 1990s (14, 15) , and reconstructions of seawater pH using foraminifera have since been reported (16) (17) (18) (19) . Although the feasibility of using d 11 B in corals to track changes in pH has been appreciated (14, 15, 20, 21) , no long-term continuous records of coral d 11 B-derived pH have been reported. Culture experiments on Porites and Acropora have confirmed that corals faithfully record variations in seawater pH (22, 23) , but there is still some uncertainty about how Bvital[ effects associated with coral calcification may influence pH proxy records (22) . The calibration of d 11 B ratios with seawater pH for Porites grown under controlled conditions is in good agreement with the theoretical curve for the borate species (22), the major form in which boron is incorporated into coral skeletons (14, 15) . In this study, we determined a record of seawater pH from d 11 B ratios for a Porites coral (24) from Flinders Reef in the Coral Sea ( Fig. 2A and  fig. S1 ). The full length of the coral core was sampled in 5-year increments, providing a continuous record of seawater pH that commences in 1708 A.D., well before the start of the Industrial Revolution. This record provides a natural baseline against which the long-term effects of ocean acidification on reef-water pH can be assessed. (Fig. 1) . The secular decrease in coral d 13 C can be ascribed to the Suess effect, which is due to uptake by the oceans of atmospheric CO 2 that has been progressively depleted in 13 C by combustion of fossil fuels.
Although the lowest d 11 B value for the entire record corresponds to the 5-year average around 1988 E23.0 per mil (°), 7.91 pH units; Fig. 2A Fig. 2A ). Spectral analysis of the coral pH record demonstrates a substantial cyclicity of about 50 years ( Fig. 2A  and fig. S2 ). Moreover, the variation in pH is synchronous with the Interdecadal Pacific Oscillation (IPO) (27) , the Pacific-wide equivalent of the Pacific Decadal Oscillation (PDO) (28) , which is also well represented by a 50-to 70-year cyclicity (29) (Fig. 2B and fig. S2 ). The IPO is well represented by a spatial pattern of sea surface temperature (SST) anomalies over the Pacific Ocean, such that the index is positive when the equatorial Pacific is warm and the southwest Pacific and central North Pacific are cold. This pattern of interdecadal climate variability shares similarities with the El NiDo-Southern Oscillation (ENSO), with periods of positive and negative IPO values displaying climatic patterns similar to El NiDo and La NiDa, respectively (30, 31) .
The covariation of the Flinders paleo-pH record and the IPO provides insight into possible mechanisms driving long-term interdecadal variation in seawater pH at the study site. One mechanism for lowering pH could be vertical mixing and upwelling of subsurface (hence more acidic) waters during periods (25) and Acanthochaetes wellsi (Vanuatu) (26) , show a progressive depletion of 13 C in surface seawater, which can be ascribed to the Suess effect. 1 Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200, Australia. of positive IPO. However, upwelling would produce SSTs substantially cooler than average, which is inconsistent with the coral Sr/Ca record given that there is no correlation between Sr/Ca and pH (32) . Also, upwelled low pH water would bring cooler and saltier Subtropical Lower Waters to the surface, as observed during upwelling intrusions into the Great Barrier Reef (33) . However, paleosalinity estimates from coupled analysis of coral d 18 O and Sr/Ca in the Flinders Reef coral (24) indicate that there is no correlation between low pH and high salinity (32) .
Given the present-day differences observed in surface-ocean pH throughout the tropical Pacific (È0.2 units; Fig. 1 ), interdecadal changes in surface currents and the redistribution of water masses could be another factor affecting surface-ocean pH. The stronger and/or more frequent La NiDa events that develop during times of negative IPO (30) would enhance the strength of the South Equatorial Current (SEC) (34) and bring higher pH surface waters into the Flinders Reef area, in agreement with the coral d 11 B record (Fig. 2) . However, this could not account for the full range of pH variability (È0.3 units) inferred from the Flinders Reef coral.
The most likely explanation for the variability in pH at Flinders Reef is that coral reef calcification combined with limited flushing of reef water exerts an important local control over the extent of the buildup of partial pressure of CO 2 (PCO 2 ) within the reef. This is consistent with observations at other reefs, such as those in the Indo-Pacific region (35) , where the residence time of lagoon water influences the carbon budget of reef water. Flinders Reef is also likely to be influenced by these processes because it is one of the largest discrete reef systems in the Coral Sea, about 40 km north to south, with a continuous barrier of about 15 km along the eastern side (Fig. 1) . The platform reef is directly flushed by the SEC (Fig. 1) , whose strength is proportional to Pacific trade-wind velocity, which ultimately controls the exchange of Flinders Reef water with the open ocean. During periods of positive IPO (similar to El NiDo) when the Pacific tradewinds and SEC are relatively weak (34) , renewal of the Flinders Reef water would also be slower and the consequent buildup of CO 2 through calcification would lower the ambient seawater pH. This is the same phase in which the IPO and Flinders Reef pH are correlated, with positive IPO corresponding to low pH and negative IPO corresponding to high pH (Fig. 2) . Moreover, changes in western Pacific sea level with the ENSO phase Eup to È30 cm in areas of the South Equatorial Pacific (34)^would also affect the rate of exchange of lagoonal water at Flinders Reef. During positive IPO phases (similar to El NiDo), lower sea levels would further reduce the renewal of reef waters, thus enhancing the buildup of CO 2 and lowering pH. In contrast, more efficient flushing of reef water during the negative IPO phase (similar to La NiDa) would explain the higher pH values (Fig. 2) .
High-resolution analysis of d 11 B in the Flinders Reef coral provides a seasonal record of reef-water pH that lends support to this mechanism (Fig. 2C) . The seasonal pH record, spanning April 1987 to April 1988, shows a tendency to covary with wind speed recorded nearby at Willis Island (16.3-S, 150.0-E), where strong winds occur at times of high seawater pH and weak winds occur at times of low seawater pH at Flinders Reef (Fig. 2) . The seasonal rise in reef-water pH (March/April) also coincides with the seasonal intensification of the SEC (36) . Conversely, pH displays minimum values from October to March, when the SEC is weaker (36), allowing for a buildup of reef-water CO 2 (24) . (E) Coral extension and calcification rates obtained from coral density measured by gamma ray densitometry (38) .
Regardless of the mechanism controlling reef-water pH, our results suggest that corals at Flinders Reef have experienced a relatively wide range in pH (È0.3 pH units) over the past È300 years. As a result, these corals have also experienced equivalent changes in the aragonite saturation state (W arag ), one of the main physicochemical controllers of coral calcification. Changes in W arag have been derived from the Flinders pH record (Fig. 2D) , with W arag varying from È3 to 4.5, assuming constant alkalinity (10, 24) . This encompasses the lower and upper limits of W arag within which corals can survive (37) . Despite such marked changes, skeletal extension and calcification rates for the Flinders Reef coral (Fig.  2E ) fall within the normal range for Porites (38) and are not correlated with W arag or pH. Therefore, the Porites coral at Flinders Reef seems well adapted to relatively large fluctuations in seawater pH and W arag .
The interdecadal cycle in seawater pH observed at Flinders Reef has relevance for predicting its response to future ocean acidification, given that it will either enhance or moderate the local effects of the projected long-term decrease in pH (3, 4) . For example, the next rise in the È50-year cycle of reef-water pH should counteract the lowering of pH values at Flinders Reef until È2035 A.D. Conversely, the subsequent fall in the reef-water pH cycle will lead to an abrupt shift toward low pH reef water. The extent to which corals and other calcifying reef organisms can adapt to such rapid decreases in pH is largely unknown.
Our findings suggest that the effects of progressive acidification of the oceans are likely to differ between coral reefs because reef-water PCO 2 and consequent changes in seawater pH will rarely be in equilibrium with the atmosphere. Although the relatively large variations in seawater pH at Flinders Reef suggest that coral reefs may be resilient to the shorter term effects of ocean acidification, in the coming decades many reefs are likely to experience reduced pH that is unprecedented relative to Bnatural[ levels. Additional paleo-pH records are required from a range of coral reef ecosystems to improve our understanding of the physical and biological controls on reef-water pH, and the long-term impacts of future ocean acidification. Markov chain Monte Carlo (MCMC) algorithms play a critical role in the Bayesian approach to phylogenetic inference. We present a theoretical analysis of the rate of convergence of many of the widely used Markov chains. For N characters generated from a uniform mixture of two trees, we prove that the Markov chains take an exponentially long (in N) number of iterations to converge to the posterior distribution. Nevertheless, the likelihood plots for sample runs of the Markov chains deceivingly suggest that the chains converge rapidly to a unique tree. Our results rely on novel mathematical understanding of the log-likelihood function on the space of phylogenetic trees. The practical implications of our work are that Bayesian MCMC methods can be misleading when the data are generated from a mixture of trees. Thus, in cases of data containing potentially conflicting phylogenetic signals, phylogenetic reconstruction should be performed separately on each signal.
Bayesian inference is one of the most popular methods in phylogeny reconstruction (1) . Many widely used software packages, such as MrBayes (2), BAMBE (3), and PAML (4), rely on Markov chain Monte Carlo (MCMC) methods. These algorithms are often known as BMCMC. Part of the appeal of BMCMC is that they are supposed to be more robust and faster than standard maximum likelihood approaches. Our results show that these appealing features are overly optimistic in some settings. The basis of the MCMC algorithms is a Markov chain whose stationary distribution is the desired posterior distribution. Reliable phylogenetic estimates depend on the Markov chain converging to the posterior distribution
